Abstract In this paper the results of a sampling programme, undertaken as part of the EU MicroRisk project, are described. This project was undertaken to ascertain the occurrence of pathogens and indicators in the River Thames and their subsequent removal through a treatment works. Appropriate physico-chemical surrogates, as determined by statistical correlation are proposed for the microorganisms identified in the raw water. This study shows that under normal raw water conditions the treatment works is able to remove microbial contamination with a significant margin of safety.
Introduction
Egham Water Treatment Works (WTW) is located in the south of the UK, approximately 20 miles west of London, and its water treatment plant produces drinking water for approximately 225,000 people. It is designed to take raw water from the River Thames to produce potable water in accordance with company and statutory standards. The Thames contains significant levels of many pollutants necessitating a multi-stage treatment process at Egham designed for removal of solids, pathogens, bacteria, nutrients and organic material. The plant is in constant operation and is designed to cope with large changes in the pollutant and pathogen load. It is consistently able to supply water meeting the requirements of the UK Water Supply (Water Quality) Regulations (2000) throughout normal conditions and peak events.
In the 3rd edition of the Drinking Water Guidelines published in 2004, the World Health Organisation recommended a risk based approach to the management of water quality from catchment to consumer. This approach has been supported by the Drinking Water Inspectorate and water utilities in the UK are developing their own systems for the effective management and protection of water quality in the catchment, treatment works and distribution system, to ensure a supply of safe drinking water that has the trust of the customer.
As part of its methodology for developing Drinking Water Safety Plans, Veolia Water has been involved in the European Union project Microrisk. Twelve catchment-to-tap systems have been examined for Microrisk. These were chosen to provide a wide variety of raw waters, treatment, storage and distribution systems. Egham was chosen as a polluted surface water with a multi stage treatment process. To assist in identifying and quantifying microbial risk from source to tap in these catchments, a catchment survey has taken place alongside extensive sampling in the source water, through the water treatment works and distribution system over a 12 month period. As the distribution sampling indicated there was no ingress of faecal material into the distribution, this paper is concerned with identifying what is in the catchment and how microbiological pollutants are removed as they pass through the multi-stage treatment process.
Analysis is also undertaken to try and establish any statistical correlations between any of the microbiological organisms and physico-chemical parameters to enable the use of physico-chemical parameters as surrogates of pathogen behaviour and risk.
From a water utility perspective Water Safety Plans are an operational tool designed to give us a better understanding of hazards and risk mitigation. It is desirable that Microrisk will help us to establish or at least recognise the health based targets we should be aiming for or achieving in the water supplied to customers. Microrisk should also provide identification of the Critical Control Points (CCP) for pathogens in our removal processes and tell us what level of removal we will achieve at each CCP under normal and peak conditions. Pathogen loading under normal and peak conditions and the means to monitor pathogens or surrogates should be identified.
Methods-catchment survey
The catchment for the River Thames, as defined by the Environment Agency, is presented in Figure 1, Cryptosporidium, Giardia and Campylobacter were analysed by filtration and IMS followed by dye staining as per UK regulatory methods; E. coli, clostridia, faecal streptococci and total coliforms were analysed by membrane filtration as per UK regulatory methods (Standing Committee of Analysis, 2002).
Figure 1 Thames catchment showing Egham Water Treatment Works
Additional sampling was undertaken for ammonium, dissolved organic carbon, total organic carbon, nitrate, nitrite, UV-254 absorbance and phosphate was also undertaken by a UKAS accredited laboratory. Analysis for particle counts, turbidity, conductivity, pH and dissolved oxygen was undertaken by the authors using fully calibrated field equipment.
Methods-sampling
The treatment process at Egham WTW can be seen in Figure 2 . Sample points were chosen at the works inlet, the raw water outlet, pre-oxidation outlet, clarifier outlet, Rapid Gravity Filtration (RGF) outlet, inter ozone outlet, GAC outlet and post-disinfection. This includes all of the critical control points for the parameters being examined.
Sampling took place for the same range of pathogens, indicator organisms and physicochemical parameters as analysed in the catchment from November 2003-November 2004 at monthly intervals. During this 12-month sampling period, no peak events such as high flow or significant algal bloom were seen in the raw water, so samples taken were under normal operating conditions only. The Spearman rank correlation method was used for analysis of the data.
Results and discussion-catchment survey
Agriculture plays a significant role in the use of the land in the catchment especially in the west. In the counties of Gloucestershire, Oxfordshire and Buckinghamshire total head of livestock in the catchment was 311,000 cattle, 230,000 pigs, 649,000 sheep and 5,000 goats. These numbers are for the whole catchment, and include any livestock downstream of Egham. In practice though nearly all livestock is upstream of Egham. The Thames catchment also contains around 350 Waste Water Treatment Works (WWTW) discharging into the Thames, or its tributaries. These vary from Mogden WWTW which treats 1.8 million population equivalent (PE) to others that may treat , 50 PE. Thirty-eight of these works discharge in excess of 10,000 m 3 /d, which is roughly equivalent to 40,000 PE. Twenty of these large works are located upstream of Egham.
It can be seen in Table 1 that of the pathogens sampled, none were found in any significant number in the river with the exception of enterovirus, which was occasionally present. Of the indicators, all were present (Table 1) , and the consistent presence of organisms such as E. coli show that the river is subject to faecal contamination on a constant basis. Physico-chemical results are shown in Table 2 . Nitrates are high over the winter months, algae can be present during the spring and summer, pesticides are generally low and turbidity can vary greatly. Although the highest turbidity recorded in this study was 36 FTU, turbidities of .100 FTU have been recorded in the past.
Given the size and complexity of the Thames catchment, it is extremely difficult to quantitatively assess the levels of microorganisms entering the catchment. The main point sources are likely to be large wastewater treatment works, supplemented by diffuse pollution from agricultural sources. Pathogens were not found in significant numbers during the sampling period, although rainfall for the sampling period was lower than normal. The high flow events which have historically led to increased turbidity, indicator organisms and pathogen loading on the works were not seen during the study. Despite this, the River Thames was found to contain significant levels of many pollutants, especially faecal indicators as it enters Egham WTW. It is for this reason that Egham WTW has a multi-stage treatment process designed for removal of solids, pathogens, bacteria, nutrients and turbidity.
The Thames catchment has many stakeholders and land use is varied. Initiatives for management and protection of the catchment involving water utilities, Government bodies and stakeholders exist. However ultimate responsibility for the supply of safe drinking water from Egham WTW rests with Veolia Water. The preferred option is to control treated water quality by managing the treatment process, rather than relying on catchment management alone.
Treatment works sampling
As with the catchment sampling results, the only pathogen seen in any significant number entering the treatment works was enterovirus. Of the indicator organisms, aerobic spores, sulphite-reducing clostridium, Clostridium perfringens, E. coli, enterococci, Pseudomonas aeroginosa and total coliforms were all found entering the treatment works. There was some seasonal variation in microbial populations, with increased numbers being seen in the winter months.
The indicator organisms fall into two main groups. Those removed by a physical process (coagulation/clarification) and those removed by an oxidative process (typically pre-ozone). Some of the physico-chemical parameters may also be divided into those removed by physical or oxidative removal mechanisms. Figure 3 shows that E. coli, Enterococci, Pseudomonas aeroginosa and total coliforms were all removed or reduced significantly by the pre-oxidation step. Log removals from the river intake to post pre-oxidation ranged from 1.7-3.3 for E. coli, 0.7-1.3 for Pseudomonas aeruginosa, 0.3-2.3 for enterococci and 1.5-3.0 for total coliforms. Nitrite and UV absorbance were also reduced across this step. In the case of enterovirus (Figure 4) , data was limited and considered insufficient for Spearman rank analysis, but the critical control point for removal appeared to be the inter ozone stage, which is an oxidative process. Figure 5 shows that aerobic spores, sulphite-reducing clostridium and Clostridium perfringens were all removed, or reduced significantly by the coagulation/ clarification stage. Turbidity and particle counts were also reduced by this process. 
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Log removals across the plant from river intake to clarification outlet ranged from 0.6-2.4 for aerobic spores, 1.4-2.8 for Clostridium perfringens and 0.7-2.2 for sulphite-reducing clostridia.
Statistical comparison was made of these parameters, to identify whether any of the physical or chemical parameters could be employed as a useful surrogate for the indicator organisms. There was insufficient data to do this for any of the pathogens.
Spearman Rank analysis was undertaken for indicator organisms and physico-chemical parameters removed or reduced by coagulation/clarification. Results for this may be seen in Table 3 . Across the whole process, turbidity shows a positive correlation (.0.7) with aerobic spore and sulphite-reducing clostridium numbers. A slightly weaker correlation is shown between Clostridium perfringens numbers and turbidity. In the river and raw water, strong positive correlations were seen between turbidity and Clostridium perfringens, and also between turbidity and sulphite-reducing clostridia. A similar pattern emerges for the correlations between particle counts and aerobic spores, sulphite-reducing clostridia and Clostridium perfringens, with Clostridium perfringens showing the strongest positive correlation.
Post clarification results by themselves do not show strong correlations, although the raw data shows that most removal takes place across the coagulation/clarification stage. Following this stage, many results were zero, making ranking and further analysis impossible. Table 4 shows that there is little relationship between nitrite, UV-254 absorbance or dissolved oxygen and any of the organisms removed or reduced by pre-oxidation in the river or raw water. Spearman rank analysis of nitrite in Table 4 shows that a significant positive correlation was found for reduction of numbers between the river water and up to the pre-oxidation stage. A strong positive correlation was also found between UV-254 absorbance and enterococci numbers. This was also the case between nitrite concentrations and enterococci numbers in the river water.
Dissolved oxygen showed a strong correlation with Pseudomonas aeroginosa in the raw water, although data was limited, so no firm conclusions should be drawn from this. The ozone generators at Egham produce a gas with 20% ozone and 80% oxygen. Consequently, increases in dissolved oxygen concentrations are found downstream of the ozonation processes.
Conclusions
The results show that microbial organisms were removed or reduced either by an oxidative or a physical removal process. aerobic spores, Clostridium perfringens and sulphite-reducing clostridia were removed by a physical coagulation/clarification process. Log removals across the plant up to clarification outlet ranged from 0.6-2.4 for aerobic spores, 1.4 -2.8 for Clostridium perfringens and 0.7-2.2 for sulphite-reducing clostridia.
E. coli, Pseudomonas aeruginosa, enterococci and total coliforms were removed by pre-oxidation. Enterovirus appeared to require a more persistent oxidation process for total removal, although the data for this were limited. Log removals from the river intake to post pre-oxidation ranged from 1.7-3.3 for E. coli, 0.7-1.3 for Pseudomonas aeruginosa, 0.3-2.3 for enterococci and 1.5-3.0 for total coliforms.
Nitrite concentration is significantly reduced across the pre-oxidation stage. This reduction correlates with the reduction in numbers of E. coli, enterococci, Pseudomonas aeruginosa and total coliforms across this stage. However, nitrite concentration and numbers of microorganisms in the raw or river water are not related. High nitrogen levels in the River Thames would not necessarily be expected to be indicative of high pathogen levels.
In order to complete a full quantitative microbial risk assessment (QMRA) study of Egham, a full analysis of SCADA data to determine the frequency of process failure needs to be undertaken. This has been undertaken elsewhere within the MicroRisk consortium and will be published at a later date. Egham is able to remove microbiological organisms under normal raw water conditions with ease. The study showed that under normal raw water conditions the critical control points for the organisms sampled are shown to be either pre-oxidation or coagulation/clarification. Performance under peak events was not able to be assessed, although with further physical and oxidative processes downstream of the pre-oxidation and clarification stages, it is likely that Egham will still operate with a significant margin of safety with respect to microbiological water quality.
